the general importance of SM proteins in secretion is
undisputed, their exact molecular function remains type, we analyzed adrenal glands from E18 embryos that were obtained by caesarean section of pregnant elusive.
Calcium-dependent exocytosis of LDCVs in chromaffemales from timed heterozygous matings. To investigate the effect of Munc18-1 deletion on depolarizationfin cells can be studied at high temporal resolution using membrane capacitance measurements and carbon fiber induced secretion, chromaffin cells were stimulated with a voltage protocol consisting of six 10 ms depolarizaamperometry, which allows a detailed quantitative analysis of the different steps in the secretory pathway tions followed by four 100 ms depolarizations delivered 300 ms apart ( Figure 1A , top). We have previously shown Voets et al., 1999; Xu et al., 1999; Voets, 2000) . In this study, we established a slice preparation that the 10 ms depolarizations cause the fusion of the immediately releasable pool (IRP), which corresponds from embryonic adrenal glands, which allowed the use of these powerful techniques to study LDCV secretion to a fraction of the readily releasable vesicles that are closely associated with Ca 2ϩ channels. The subsequent in genetically engineered mice that die at birth. We show that the exocytic response to depolarizing pulses and 100 ms depolarizations elicit fusion of the remainder of the readily releasable pool (RRP) (Voets et al., 1999). to flash photolysis of caged calcium is severely inhibited but not abolished in chromaffin cells from Munc18-1 null Control chromaffin cells responded to such depolarizing trains with robust increases in membrane capacitance mutant mice. Kinetic analysis of the remaining response indicates that the fusion step itself is not affected, sug-(C m ; Figures 1A-1C ). In contrast, the secretory response was drastically reduced in chromaffin cells from Munc18-1 gesting that the recruitment of fusion-competent vesicles is impaired. Ultrastructural analysis of null mutant null mutant embryos ( Figures 1A-1C vesicles, and the sustained component, which reflects that Munc18-1 deletion had no major effect on the fusion kinetics of the different fusion-competent vesicle pools. the recruitment of new vesicles immediately followed by fusion. Both the exocytic burst and the sustained To test whether the reduction in secretion observed in the Munc18-1 null mutants is due to a shift in the component of secretion were strongly reduced in the Munc18-1 null mutants (Figures 2A-2C ). These differCa 2ϩ sensitivity for exocytosis, flash intensity was varied, resulting in a broad range of postflash [Ca 2ϩ ] i levels. ences cannot be explained by differences in [Ca 2ϩ ] i at the release sites (Figure 2A, top) Figure 4E ). However, the suggesting that Munc18-1 is a positive regulator of LDCV secretion. To confirm these findings in a more total number of vesicles was identical in control and null mutant chromaffin cells ( Figure 4F ). Moreover, we acute experiment, we tested whether the opposite situation, Munc18-1 overexpression, would indeed enhance occasionally observed so-called "omega-shaped" structures in the mutant chromaffin cells reflecting fusing secretion. We transfected isolated bovine chromaffin cells, using the Semliki Forest Virus expression system vesicles (data not shown), confirming that a small number of LDCVs are still competent to undergo membrane (Ashery et al., 1999), containing the DNA coding for Munc18-1 and for green fluorescent protein coupled via fusion.
We tested for changes in the levels of synaptic proan internal ribosomal entry site. This technique allows straightforward detection of overexpressing cells based teins in the mutant adrenal glands, using Western blotting. As expected, Munc18-1 levels were reduced in the on their green fluorescence, without interfering with Munc18-1 function. Western blot analysis revealed that heterozygous mice and undetectable in null mutants ( Figure 5A ). Cellular levels of Syntaxin-1A/B were dethe level of Munc18-1 protein was at least ten times higher in transfected chromaffin cells than in nontranscreased ‫-2ف‬fold in the null mutants, whereas SNAP-25 and Synaptobrevin protein levels were unaltered (Figure fected controls, notably without detectable changes in the level of Syntaxin-1 protein (data not shown). The C m 5A). The levels of control proteins CaMKII (␣ subunit) and VCP were also similar between control and null increase after flash photolysis of caged calcium was markedly larger in Munc18-1-overexpressing chromafmutant adrenals ( Figure 5A ). Adrenal glands express another Munc18 isoform, Munc18c (Tellam et al., 1995) , fin cells than in nontransfected controls ( Figure 6A ). Both the exocytic burst ( Figure 6C ) and the rate of sustained and its expression levels were not significantly altered in the null mutants ( Figure 5B ). Moreover, in situ hybridrelease ( Figure 6D ) were significantly increased. Thus, overexpression of Munc18-1 leads to both a larger ization experiments in adrenal glands from newborn and The normal abundance of vesicles in the mutants and trast, Munc18-1 overexpression causes a relatively mild increase in the response to the first flash ‫%041ف(‬ of their scattered distribution throughout the cell suggests that export from the Golgi is not impaired and that vesicontrol), but this increase persists during the second and even later flashes. These findings can be explained cles can be transported from their site of synthesis. In the absence of Munc18-1 and stable docking, vesicles assuming that Munc18-1 acts upstream of Munc13-1, the former as a regulator of LDCV docking and the latter probably diffuse randomly through the cytoplasm, although we cannot exclude that vesicle transport is also as priming factor promoting the transition of LDCVs from a docked but fusion-incompetent state to fusion compeaffected in the mutants. Taken together, these results indicate that the Munc18-1 null mutation leads to a setence. Indeed, if priming is stimulated, an unusually large fraction of the total pool of docked LDCVs will fuse in lective defect in the docking of LDCVs at the target membrane.
response to the first flash. Thereafter, the pool of docked vesicles is severely depleted, and, because docking is As a complementary approach to the Munc18-1-deficient chromaffin cells, we overexpressed the protein in relatively slow, the response to the second flash will be suppressed ( 
